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Abstract 
This paper analyses the feasibility of HCFO-1224yd(Z), HCFO-1233zd(E) and HFO-
1336mzz(Z), three low global warming potential (GWP) refrigerants, as alternatives to HFC-
245fa in high-temperature heat pump (HTHP) systems for low-grade waste heat recovery. HTHPs 
are a sustainable technology that can help to mitigate the climate change through the thermal 
valorisation of the industrial low-grade waste heat. Before presenting and analysing the results, 
mapping of the minimum superheat degree requirement in the operating range, and the influence 
of the Internal Heat Exchanger (IHX) on each alternative are studied. The simulations were 
carried out at condensing temperatures from 115 to 145 ºC and evaporating temperatures from 45 
to 75 ºC, using single-stage cycle with and without IHX. Finally, Total Equivalent Warming 
Impact (TEWI) evaluation is performed to illustrate the environmental effect of each alternative. 
Attending to the results, HCFO-1233zd(E) improves the COP about 27% compared to HFC-
245fa, whereas HFO-1336mzz(Z) and HCFO-1224yd(Z) show an improvement of approx. 21 and 
17%, respectively. Although HCFO-1233zd(E) and HCFO-1224yd(Z) present similar suction 
volumetric flow rate to HFC-245fa, HFO-1336mzz(Z) shows a relative increment up to 80%, and 
therefore, higher compressor and installation size are expected for this refrigerant. Finally, the 
TEWI analysis presents a significant reduction of the equivalent CO2 emissions for each low 
GWP alternative, between 59 and 61%. HCFO-1233zd(E) shows the highest reduction in all the 
simulation cases, followed by HCFO-1224yd(Z) and HFO-1336mzz(Z). 
 
Keywords: low-grade waste heat recovery; HTHP; liquid-to-suction heat exchanger; energy 
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Nomenclature  
a, b, ke, ks, k1, k2 Pierre’s correlations constants  
COP coefficient of performance (-) 
Ea annual energy consumption (kWh) 
h enthalpy (kJ kg-1) 
L annual refrigerant leakage rate (kg year-1) 
m total refrigerant charge of the system (kg) 
?̇? refrigerant mass flow rate (kg s-1) 
M molecular weight (g mol-1) 
n lifespan of the vapour compression system (years) 
P pressure (MPa) 
Pr Prandtl number (-) 
T temperature (ºC) 
VHC volumetric heating capacity (kJ m-3) 
?̇? heat transfer (kW) 
?̇? volumetric flow rate (m3 s-1) 
?̇? electric power consumption (kW) 
                                                     






ε effectiveness (-) 
𝜂 efficiency (-) 
𝜌 density (kg m-3) 
α recycling factor of the refrigerant (%) 





















AEL atmospheric exposure level  
CFC chlorofluorcarbon 
FOM figure of merit 






high-temperature heat pump 
internal heat exchanger 
total equivalent warming impact 
ODP ozone depletion potential  
SPHT single-phase heat transfer 
1. Introduction 
 
The concern for global warming has raised awareness about the importance of climate change 
mitigation during the last decades. This was evidenced in the Paris Agreement through which 
around 200 nations established the long-term objective of maintaining the increase in global 
average temperature below 2 °C above pre-industrial levels by 2100. Moreover, the Parties noted 
the relevance of promoting the mitigation of greenhouse gas (GHG) emissions while fostering 
sustainable development [1]. According to the Fifth Assessment Report (AR5) of the 
Intergovernmental Panel on Climate Change (IPCC), the industry is a critical factor for climate 
change control since their GHG emissions have been doubled between 1970 and 2010 [2]. 
 
Therefore, from the analysis of the industrial energy demand, it can be observed that most of the 
consumption comes from thermal processes at temperatures above 100 ºC. It is mostly provided 
through fossil fuels combustion with uncertain acquisition prices and severe environmental 
impacts such as climate change. Moreover, a significant fraction (around 2.8%) of the industrial 
energy consumption is wasted as low-grade heat below 100 ºC, Fig. 1 [3]. Recovering the low-
grade waste heat (below 100°C) and transforming it into useful heat at the required temperature 
(above 100 ºC) by means of energy efficient technologies would increase the energy efficiency 
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and decarbonise the industrial sector. An option to use a vapour compression high-temperature 
heat pump (HTHP), which can be integrated into different industrial and district heating processes 
due to the flexibility that offers in possible operating temperatures and heat capacities.  
 
 
Fig. 1. Energy consumption breakdown and potential industrial low-grade waste heat [3]. 
 
The firstly developed HTHPs used CFC-114 [4] (chlorofluorocarbon), CFC-113 [5], and HCFC-
123 [6] as refrigerants (working fluids). Nevertheless, according to the Montreal Protocol, the 
substances that deplete the ozone layer must be phased out [7], and other chlorine-free refrigerants 
appeared to be used in these applications. Therefore, Brown [8] evaluated 56 potential CFC-114 
replacement refrigerants for HTHP applications and identified HFC-245fa for high-pressure 
operation. HFC-245fa has a relatively high critical temperature (154 °C), zero ozone depletion 
potential (ODP), and is the most commonly used third generation working fluid for HTHPs today 
[9]. 
 
However, in 2014, EU Regulation No. 517/2014 [10] gradually limited the hydrofluorocarbons 
(HFCs) allowed in most of the vapour compression systems and established market quotas to their 
consumption. Hence, low global warming potential (GWP) alternatives (named as fourth 
generation refrigerants by Calm [11]) are necessary to replace HFC-245fa, which has a GWP 
value of 858. Natural refrigerants [12], hydrofluoroolefin (HFO) and hydrochlorofluorocarbon 
(HCFO) are becoming relevant for the today HTHPs. Due to the thermodynamic similarity with 
HFC-245fa, low GWP organic refrigerants (HFOs and HCFOs) receive more attention for high-
temperature applications. 
 
Tetrafluoropropene and its isomers were the first low GWP alternatives considered for HTHPs. 
Brown et al. [13] studied HFO-1234ze(Z) as a potential alternative for CFC-114 because of its 
similar thermodynamic and transport properties. Fukuda et al. [14] and Kondou et al. [15] 
performed a theoretical thermodynamic comparison using HFO-1234ze(E) and HFO-1234ze(Z). 
The results highlight HFO-1234ze(Z) as the most suitable low GWP refrigerant for HTHPs. 
Despite the satisfactory thermodynamic properties of HFO-1234ze(Z), it is still not commercially 
available. In addition, the isomer HFO-1234ze(E), which is commercially available [16], presents 
a critical temperature of 109.4 °C and it is more suitable for condensation temperatures up to 100 
°C. Hence, both fluids are not considered as possible alternatives and other refrigerant candidates 
are receiving special attention in the last years. 
 
4 
HFO-1336mzz(Z) and HCFO-1233zd(E) are the most studied refrigerants today, whereas the 
recently developed HCFO-1224yd(Z) is becoming a potential alternative, but none studies have 
been found for this refrigerant. Table 1 shows the evolution of the characteristics for the main 
refrigerants used in HTHPs as well as the potential candidates for replacing HFC-245fa. 
 
Table 1. Evolution of the main refrigerants used in high-temperature heat pumps. 
Refrigerant no ODP GWP 
ASHRAE 
Std. 34 safety 
class [29] 
CFC-114 0.5 8590 A1 
CFC-113 0.81 5820 A1 
HCFC-123 0.01 79 B1 
HFC-245fa 0 858 B1 
HFO-1336mzz(Z) 0 2 A1 
HCFO-1233zd(E) 0.00034 1 A1 
HCFO-1224yd(Z) 0.00012 <1 A1 
 
Kontomaris proposed HFO-1336mzz(Z) as a refrigerant candidate for high-temperature 
applications with condensing temperatures above 100 ºC. It shows 2.3% theoretical higher 
coefficient of performance (COP) than HFC-245fa [17] and presents high chemical stability, very 
low GWP, no-ODP, no flammability and compatibility with many plastics and elastomers [18] 
and with commercially available polyolester (POE) lubricants [19].  
 
On the other hand, Gorgy [20] proved that HCFO-1233zd(E) shows 19% higher heat transfer 
performance than HCFC-123 and Byun et al. [21] performed a similar study about the HCFO-
1233zd(E) heat transfer performance. Although it has not been yet tested in HTHPs, it shows 
excellent performance and heat transfer results in other high-temperature applications [22]. 
Nevertheless, Lee et al. [23] performed an experimental study of the pressure drop and heat 
transfer of HCFO-1223zd(E) compared with HFC-245fa. This study shows that similar pressure 
drops and a reduction of 9% of the heat transfer are expected. When compared with HFC-245fa 
in different HTHP configurations, HCFO-1233zd(E) highlighted in volumetric heating capacity 
(VHC) whereas HFO-1336mzz(Z) provides intermediate values in VHC and COP [24]. Thus, 
both become potential substitutes of HFC-245fa. 
 
HCFO-1224yd(Z) ((Z)-1-chloro-2,3,3,3-tetrafluoropropene, CF3CF=CHCl) is an unsaturated 
organic compound approved in 2017 by the American Society of Heating, Refrigerating, and Air 
Conditioning Engineers (ASHRAE) [25] and proposed for HFC-245fa replacement in 
applications like centrifugal chillers, binary cycle generators and HTHPs. The main reasons for 
this statement are that its GWP value is below the unity [26] and it is considered a low-pressure 
refrigerant, as HFC-245fa. HCFO-1224yd(Z) is the last pure fluid HTHP candidate approved by 
the ASHRAE, and due to the recent certification of this refrigerant, there are not available results 
about the HTHP performance using it. For the moment, only Masato et al. [27] published the 
experimental thermodynamic properties (vapour pressure and the PVT properties, vapour-liquid 
and coexistence curve saturated liquid densities, and critical temperature, density and pressure) 
of HCFO-1224yd(Z). From that information, this refrigerant shows closer thermodynamic 
properties to HFC-245fa, and therefore can be an excellent candidate to replace it in existing, 
redesigned or even new HTHP systems. Before to the experimentation with the refrigerant, the 
more appropriate operating temperature range and configuration need to be theoretically verified. 
 
Given the number of environmentally friendly alternatives to HFC-245fa in HTHP systems 
developed in the last years and the lack of information, this paper analyses and compares the 
operating and energetic performance of HFO-1336mzz(Z), HCFO-1233zd(E) and HCFO-
1224yd(Z) as a potential low GWP alternatives to replace the commonly used HFC-245fa 
refrigerant in high-temperature heat pumps (HTHPs). In addition, this paper provides a complete 
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overview of the consequences of the HFC-245fa replacement, comparing the main 
thermodynamic and transport properties of the alternatives proposed and the influence the internal 
heat exchanger (IHX). This paper aims to provide comparative information of these recently 
developed working fluids and can be used as a guide to decide the refrigerant to use in any specific 
HTHP application, depending on the safety requirements, operating range of temperatures and 
pressures, and energy performance priorities. 
2. Properties Evaluation of the Proposed low GWP Refrigerants 
 
The low GWP refrigerants evaluated in this paper to replace HFC-245fa are HFO-1336mzz(Z), 
HCFO-1233zd(E) and HCFO-1224yd(Z). Table 2 shows the main properties of these fluids from 
REFPROP Version 10 [28]. This information is then used to compare some of their characteristics 
and predict the possible behaviour in the cycle analysis. 
 











134.05 164.06 130.50 148.49 
Critical 
temperature (ºC) 
153.86 171.35 166.45 155.54 
Critical pressure 
(MPa) 
3.65 2.90 3.62 3.34 
Normal boiling 
point (NBP) (ºC) 
15.05 33.45 18.26 14.62 
Tested thermal 
stability (ºC) 
250 250 175 175 
Condensing 
pressurea (MPa) 
2.35 1.35 1.91 2.11 
Pressure Ratioa,b 5.08 5.52 4.88 4.80 
Vapour pressurec 
(MPa) 
0.15 0.07 0.13 0.15 
Latent heat of 
vaporizationb 
(kJ·kg-1) 
169.12 151.33 171.24 145.21 
Latent heat of 
condensationa 
(kJ·kg-1) 
97.25 102.34 111.53 86.10 
Suction densityb 
(kg·m-3) 





1014.10 / 96.36 
926.88 / 
113.52 






1.57 / 1.37 1.64 / 1.42 1.64 / 1.56 
Specific heat 
ratiob 
1.44 1.10 1.45 1.14 
ODP (CFC-11=1) 
[29] 
0 0 0.00034 0.00012 
GWP100-years [29] 858 2 1 <1 
Atmospheric 
lifetime [29] 
7.7 years 26 days 26 days 21 days 
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ASHRAE Std. 34 
safety class [29] 
B1 A1 A1 A1 
AEL (ppm) 
[17,26] 
300 500 800 1000 
a At condensing temperature of 130 ºC  
b At evaporation temperature of 60 ºC 
c At ambient temperature of 25 ºC 
 
All the fluids analysed in the study are dry fluids (dT/ds > 0), presenting a positive slope of the 
saturation curves in the T-s diagram, Fig. 2a. Due to this fact, a particular superheating control 
should be required to ensure the dry compression at high-temperature lifts in order to prevent the 
presence of liquid drops and possible damage to the compressor [30]. HCFO-1224yd(Z) and 
HCFO-1233zd(E) have similar T-s saturation curve slopes to HFC-245fa and, being low the dT/ds 
value, a minimum superheating degree is required for dry compression. In contrast, HFO-
1336mzz(Z) needs a higher superheating degree to ensure a dry compression, requiring a modified 
vapour compression cycle [30]. For instance, this modification can be performed merely by 
adding an IHX, which can simultaneously increase the superheat of the suction vapour and the 
sub-cooling of the liquid refrigerant before the expansion valve [31]. This is the reason why an 
IHX analysis has been included in this paper, having a more complete and realistic analysis of the 
potential low GWP alternatives to HFC-245fa. 
 
The operating pressure of all the potential alternatives is below the HFC-245fa, as shown in Fig. 
2b. Therefore, the same security components and adjustments of HFC-245fa can be used with 







Fig. 2. a) T-s curves of the potential working fluids alternatives to HFC-245fa and 
b) Saturated vapour pressure over the operating range temperatures. 
 
All the proposed alternatives have a higher critical temperature than HFC-245fa. Whereas HCFO-
1224yd(Z) has a slight increment of 1.7 ºC compared to the reference fluid, HCFO-1233zd(E) 
and HFO-1336mzz(Z) show an increase of 12.6 and 17.5 ºC, respectively. Therefore, all the 
alternatives proposed could achieve higher heating production temperatures in future 
developments, expanding the present operating map of the HTHPs. 
 
Another important aspect is the normal boiling point (NBP) in order to avoid air infiltrations 
during system operation and downtime [32]. While the vapour NBP of HCFO-1233zd(E) and 
HCFO-1224yd(Z) are near that of HFC-245fa and below 25 ºC, HFO-1336mzz(Z) has a higher 
NBP (33.45 °C) with the consequent risk of air infiltrations. 
 
HFO-1336mzz(Z) decreases the liquid density around 8%, reducing the required refrigerant 
charge compared to HFC-245fa. In contrast, the other refrigerants result in a minor difference of 
this parameter, and therefore, the amount of refrigerant charge is going to be similar to HFC-
245fa. The highest difference is observed in the vapour density, which can affect the resulting 
refrigerant mass flow rate using the same compressor. In case of the same compressor swept 
volume, HFO-1336mzz(Z) and HCFO-1233zd(E) are going to decrease the mass flow rate 
compared to HFC-245fa due to the 38% and 27% (respectively) reduction in vapour density. 
HCFO-1224yd(Z) shows a slight increase of the vapour density. 
 
All the alternatives are non-flammable and low-toxic, obtaining an A1 classification. Although 
HFO-1336mzz(Z) has zero ODP, HCFO-1233zd(E) and HCFO-1224yd(Z) contain chlorine 
molecule in their composition, showing an ODP of 0.00034 and 0.00012, respectively. 
Nevertheless, the effect of the leakage of these refrigerants on the atmospheric ozone atmosphere 
is unlikely can be considered negligible [32]. 
 
Additionally, the very low GWP values of the alternative refrigerants can substantially reduce the 
direct contribution to the greenhouse effect in the case of accidental leakage. Considering only 
the GWP value, the environmental benefit could be clear. However, the greenhouse gas liberation 
of fossil fuels burning for electricity generation must be accounted to calculate the total 
contribution to the greenhouse effect [33]. Therefore, the energy performance of HTHP systems 
using these new refrigerants must be studied in deep. 
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Finally, an essential parameter for these new refrigerants is the thermal stability and compatibility 
with the installation materials and the lubricants. Laboratory tests have shown that HFO-
1336mzz(Z) has a similar material and lubricant compatibility relative to copper and steel to that 
presented by HFC-245fa, which is widely used in high-temperature applications. Moreover, the 
thermal stability of HFO-1336mzz(Z) has been successfully tested up to 250 ºC [30]. Although 
HCFO-1233zd(E) and HCFO-1224yd(Z) present good compatibility with most commonly used 
metals, plastics, elastomers and POEs lubricant, the copper and steel thermal studies showed 
turbidity and discolouration after 7 days at 250 ºC. Nevertheless, these refrigerants prove thermal 
stability until 175 ºC [26,34]. 
3. System description and modelling 
 
The single-stage cycle is the system architecture selected in this paper (Fig. 3a) because for its 
simplicity and robustness, it can be used as a baseline for future installation design and 
experimental tests. Then, a heat exchanger can be added to the single-stage cycle configuration 
between the suction and the liquid line (Fig. 3b) to enhance the energy performance of the system. 
It is known as internal heat exchanger (IHX) and at the same time heats the suction vapour 
(superheat) and reduces the liquid temperature before the expansion valve (sub-cooling). In 
contrast to refrigeration systems [34], IHX for HTHPs becomes more interesting for increasing 
the discharge temperature and the superheat degree than the sub-cooling degree. Higher discharge 
temperature increases the thermal level of heat production and expands the operating map of the 






Fig.3. Schematic and P-h diagram of single-stages configurations: a) single-stage cycle and b) single-
stage cycle with IHX. 
The heat absorbed by the evaporator (?̇?𝑜) is considered as input of the model, and a constant value 
of 100 kW has been considered. In order to analyse different high-temperature applications and 
due to the variety of low-grade waste heat sources, different condensing and evaporating (related 
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to the low-grade waste heat temperature) temperatures are combined to simulate the typical 
working conditions and analyse the system performance 
 
Firstly, the evaporating temperature is varied from 45 to 75 ºC, and the condensing temperature 
is set at 145 ºC to consider the limitation of the critical temperature of HFC-245fa (153.86 ºC). 
Secondly, the evaporating temperature is set at the intermediate value of 60 ºC whereas the 
condensing temperature is varied from 115 to 145 ºC. Moreover, the sub-cooling degree is 
assumed to be 10 K, and the superheat degree is considered to be 15 K. 
 
The refrigerant thermodynamic properties have been evaluated using the software REFPROP 
Version 10 [28] and the model has been developed using the software Engineering Equation 
Solver (EES) [35]. Moreover, an isenthalpic process is considered at the expansion valve and heat 
transfer to the surroundings and pressure drops are neglected. 
 
The isentropic and volumetric efficiencies of the compressors are calculated using Pierre’s 
correlations for “good” reciprocating compressors [36]. Compressor volumetric efficiency, 𝜂𝑣𝑜𝑙, 
is obtained from Eq. (1). 
 
𝜂𝑣𝑜𝑙 = 𝑘1 · (1 + 𝑘𝑠 ·
𝑡2𝑘 − 18
100





𝑡2𝑘 is the inlet temperature to the compressor and 𝑝1/𝑝2 is the pressure ratio. The remaining 
symbols k1 , ks and k2 are constants and, the values of these are 1.04, 0.15, and -0.07, respectively.  





) = (1 + 𝑘𝑒 ·
𝑡2𝑘 − 18
100
) · exp⁡(𝑎 ·
𝑇1
𝑇2
+ 𝑏) (2) 
 
𝑇1/𝑇2 is the ratio of the condensation and evaporation absolute temperatures (in Kelvin) 
corresponding to the discharge and the suction compressor pressure. The constants ke, a and b 
are -0.1, -2.40 and 2.88, respectively, and are taken from the literature [36]. The electromechanical 
efficiency, 𝜂𝑒𝑚, is assumed to be 0.95. 
 







The required volumetric flow rate at the compressor suction, ?̇?𝑠𝑢𝑐, is obtained from the mass flow 







The maximum discharge temperature, 𝑇𝑑𝑖𝑠𝑐, is limited to 175 ºC to preserve the thermal stability 
between the refrigerants and POE lubricants [26,30,34]. For the same reason, the IHX 
effectiveness (εIHX) is limited. Fig. 6a shows that HCFO-1233zd(E) achieves the highest 
discharge temperatures of the refrigerants analysed, and the maximum IHX effectiveness for all 
the simulations is fixed at 0.3 to maintain the discharge temperature below the limit in each 
operation conditions and refrigerants analysed. The vapour suction temperature is calculated 









The electric power consumption of the compressor,⁡ẆC, is expressed in Eq. (6) as the product of 
the mass flow rate and the isentropic enthalpy difference at the compressor divided by the 







The heating capacity,Q̇k, is calculated using the product of the mass flow rate and the enthalpy 
difference at the condenser, Eq. (7). 
 
Q̇k =⁡ ?̇?⁡(ℎ𝑘,𝑖𝑛 − ℎ𝑘,𝑜𝑢𝑡) (7) 
 
To compare correctly the influence of the volumetric flow rate at the compressor suction and the 







Finally, the Coefficient of Performance, COP, is calculated from the heating capacity and the 







4. Superheat mapping and Internal Heat Exchanger (IHX) analysis 
 
The positive slope of the saturated vapour curves (dT/ds > 0) in the analysed refrigerants makes 
necessary a particular superheating control to ensure a dry compression and prevent compressor 
damage. For this reason, the minimum superheat degree has been calculated for each possible 
combination of refrigerant and operating condition. Then, a sensitivity analysis of the IHX 
effectiveness has been performed to study its influence in the main operating parameters. 
 
4.1 Minimum superheat required 
 
Apart from the simulation analysis explained previously, a minimum superheat requirement 
analysis has been carried out at different discharge and suction pressures to facilitate the 
utilisation of these refrigerants in real installations (Fig. 4). This mapping has been done due to 
the lack of information available about the minimum superheat degree required to these 
refrigerants. 
 
The highest superheat required for HFC-245fa is 5.4 K, operating at relatively low discharge and 
suction pressures (0.40 and 1.9 MPa, respectively), as shown in Fig. 4a. Nevertheless, as the 
discharge and suction pressures increase, the required superheat decreases down to zero. The 
suction pressure variation is less significant. HCFO-1233zd(E) exhibits a mapping comparable to 
HFC-245fa but requires slightly higher minimum superheat, as shows Fig. 4b. Hence, the highest 
value of superheat required for HCFO-1233zd(E) is 7.1 K but operating at lower suction pressure 
and higher discharge pressure than HFC-245fa. 
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The mapping presented in Fig. 4c for HCFO-1224yd(Z) is different from the previous refrigerants 
analysed. In this case, the highest superheat required, 4.4 K, occurs at intermediate suction and 
discharge pressures of 0.42 and 1.9 MPa, being this value lower than that obtained for HFC-245fa. 
In contrast, HCFO-1224yd(Z) requires the minimum superheat operating at low suction pressures 
whereas HFC-245fa and HCFO-1233zd(E) show this minimum at high suction pressures. 
However, operating at high suction pressure reduces the minimum superheat required. 
 
Finally, HFO-1336mzz(Z) presents a significantly different mapping to the rest of working fluids, 
highlighting the significant increase of the minimum superheat requirement, as shows Fig. 4d. 
The highest superheat required is 19.2 K, operating at the intermediate suction pressure of 0.25 
MPa but at the highest discharge pressure, 1.8 MPa, and hence at different conditions. Similarly, 
the superheat required decreases as the suction pressure increases contrary to the other 
refrigerants, which requires the minimum values at high suction pressures. The isentropic curve 
slope for HFO-1336mzz(Z) is higher than for the other refrigerants, requiring a higher minimum 
superheat degree than the other alternatives.  
 
Therefore, HCFO-1233zd(E) and HCFO-1224yd(Z) operate similar to HFC-245fa and have the 
minimum superheat requirement at higher heat productions temperatures, whereas HFO-
1336mzz(Z) at lower ones. Besides, moderate waste heat temperatures, producing evaporation 





(a)  (b)  
  
(c)  (d)  
Fig. 4. Mapping of the minimum superheating required for: a) HFC-245fa, b) HCFO-






4.2  Influence of Internal Heat Exchanger (IHX) 
 
The addition of an IHX to a single-stage vapour compression cycle could improve the system 
performance, volumetric heating capacity and ensure a dry compression. Nevertheless, the system 
response to its introduction depends on the refrigerant and the IHX effectiveness (𝜀𝐼𝐻𝑋), and there 
is the possibility that the system performance can be deteriorated. Consequently, a sensitivity 
analysis of the IHX effectiveness becomes interesting. Fig. 5 shows the relative difference 
between the configuration with and without IHX adoption at varying IHX effectiveness, for all 
the refrigerants and selected operating parameters. 
 
As shown in Fig. 5a, the discharge temperature significantly increases with the IHX effectiveness. 
All the low GWP alternatives show higher discharge temperature increments than HFC-245fa, 
becoming higher as the IHX effectiveness increases. While HCFO-1224yd(Z) and HFO-
1336mzz(Z) present slightly lower discharge temperature values than HFC-245fa, HCFO-
1223zd(E) shows significanlty higher discharge temperature values. Looking at the specific heat 
ratio, HCFO-1224yd(Z) and HFO-1336mzz(Z) have lower values for this parameter than the 
reference fluid, whereas HCFO-1233zd(E) has higher values. Thus, this specific heat ratio 
difference is the main reason for the variation in discharge temperature. These increases of 
discharge temperature become a critical operating parameter to be considered, especially in high-
temperature applications, for the components and installation limitations. 
 
As Fig. 5b shows, the COP increases up to 43% at high IHX effectiveness. Compared to HFC-
245fa, HFO-1336mzz(Z) achieves lower COP increment than HFC-245fa, followed by HCFO-
1224yd(Z). On the other hand, HCFO-1233zd(E) has a significant increment of the system 
performance as the IHX effectiveness increases up to 8% compared to HFC-245fa with the 
highest IHX effectiveness. 
 
Attending to Fig. 5c and 5d, although the heating capacity decreases as the IHX effectiveness 
increases, the volumetric heating capacity increases due to the more significant volumetric flow 
rate reduction in the compressor suction than that in the heating capacity. In this case, HFO-
1336mzz(Z) shows slightly lower values than HFC-245fa. However, HCFO-1224yd(Z) and 
HCFO-1233zd(E) tend to be situated above HFC-245fa. Therefore, the HCFO refrigerants would 
provide better heating capacity with IHX than the other alternative refrigerant. 
 
Finally, Fig. 5e and 5f show the variation of superheat and sub-cooling with an increment of IHX 
effectiveness, respectively. As it was expected, superheat and sub-cooling increase at higher IHX 
effectiveness. The sub-cooling improvement of HCFO-1233zd(E) compared to HFC-245fa can 
be considered higher whereas the other refrigerants have similar behaviour to the reference fluid. 
The mass flow rate difference between HCFO-1233zd(E) and the other refrigerant would be the 
main responsible for this variation. The analysis shows that lower IHX effectiveness values can 
achieve significant increments of superheat and sub-cooling, and hence ensure the dry 
compression (particularly for HFO-1336mzz(Z)). 
 
All the refrigerants present a similar response to the use of IHX. Nevertheless, HCFO-1233zd(E) 
shows higher performance improvements and lower heating capacity reduction than the rest 
alternatives. HCFO-1224yd(Z) and HFO-1336mzz(Z) have close similar values than HFC-245fa. 
Nevertheless, the discharge temperature of HCFO-1233zd(E) is considerably higher than the 















Fig. 5. Influence the effectiveness of the IHX in: a) Discharge Temperature, b) COP, c) 
Volumetric Heating Capacity, d) Heating Capacity, e) Superheat and f) Sub-cooling. 
5. Simulations analysis results 
 
This section analyses the results obtained in the simulations using HFO-1336mzz(Z), HCFO-
1233zd(E) and HCFO-1224yd(Z) as low GWP alternatives to HFC-245fa, showing the variation 
of the main energy performance parameters: heating capacity, compressor power consumption 
and COP; along with other parameters of interest as compressor volumetric flow and discharge 
temperature. Both configurations simulation results are shown as relative deviations to that of 
HFC-245fa used in the architecture without IHX, to analyse the influence of the low GWP 
alternatives retrofit with IHX adoption. 
 
5.1 Suction volumetric flow and mass flow rate 
 
When the condensing temperature is fixed to 145 ºC, HFO-1336mzz(Z) shows the highest 
increment of relative suction volumetric flow difference up to 95%, as shown in Fig. 6a.. In 
contrast, HCFO-1224yd(Z) and HCFO-1233zd(E) present an 8% variation of the suction 
volumetric flow compared to HFC-245fa. The addition of the IHX reduces the suction volumetric 
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flow around 20% in all the refrigerants, showing similar response with the evaporating 
temperature as shown in Fig. 6b. 
 
When the evaporating temperature is set constant to 60 ºC, the variable response of this parameter 
becomes lower than the previous situation. In this case, HFO-1336mzz(Z) has a constant relative 
increment of 80% whereas the other refrigerants remain with no significant variations, as shown 
in Fig. 6c. Integrating the IHX, HFO-1336mzz(Z) reduces the relative difference significantly, 
from 80% to 45%, whereas HCFO-1233zd(E) and HCFO-1224yd(Z) show a relative reduction 
difference up to 20% in high condensation temperatures as shown Fig. 6d. 
 
Therefore, HCFO-1233zd(E) and HCFO-1224yd(Z) could be working with the existing 
compressor as possible drop-in replacements for HFC-245fa whereas HFO-1336mzz(Z) requires 








Fig. 6. Relative differences of the suction volumetric flow varying the condensing temperature (a) 
without IHX, (b) with IHX; and the evaporating temperature (c) without IHX and (d) with IHX. 
 
Looking at the mass flow rate difference, HCFO-1233zd(E) presents lower values of this parameter in 
all the operating conditions analysed. The reduction of this parameter ranges between 5% and 20% 
without the IHX and between 12% and 38% with it. The other candidates show a slight increase in mass 
flow rate without IHX, whereas this parameter is comparable or lower than HFC-245fa with the use of 
IHX, as shown in Fig. 7. With a constant cooling capacity, higher values of latent heat of vaporisation 
would give lower mass flow rates. Thus, the higher latent heat of vaporisation of HCFO-1223zd(E) 
compared with the other refrigerants is the primary responsible of this difference with the other 











Fig. 7. Relative differences of the mass flow rate varying the condensing temperature (a) without 
IHX, (b) with IHX; and the evaporating temperature (c) without IHX and (d) with IHX. 
 
 
5.2 Discharge temperature 
 
No significant relative variation in the discharge temperature is observed using HCFO-1233zd(E) 
and HCFO-1224yd(Z) when the system operates without IHX, as shown Fig 8a and Fig. 8b. 
Nevertheless, HFO-1336mzz(Z) presents a 5% relative reduction. According to the IHX analyses 
previously performed, the addition of IHX increases the relative difference of the discharge 
temperature for HCFO-1233zd(E) and HCFO-1224yd(Z) up to 15% and 10%, respectively, 
operating at low evaporation temperatures, as shown in Fig. 8b. As for the condensing temperature 
increase with IHX, the relative difference of all refrigerants decreases as shown Fig. 7c and 7d. 
This is caused by the lower critical temperature of HFC-245fa compared with the other working 
fluids.  
 
As mentioned before, these discharge temperature differences are caused by a variation of the 
specific heat ratio in each refrigerant. HCFO-1233zd(E), with higher values of specific heat ratio, 
shows the highest discharge temperature relative increase. This fact should be considered in 


















Fig. 8. Relative differences of the discharge temperature varying the condensing temperature (a) 
without IHX, (b) with IHX; and the evaporating temperature (c) without IHX and (d) with IHX 
 
 
5.3 Heating capacity  
 
The relative variation of the heating capacity with the evaporating and condensing temperatures, 
with and without IHX is shown in Fig. 9. This parameter is a consequence of the latent heat of 
condensation and the mass flow rate, presented before. HFO-1336mzz(Z) and HCFO-1224yd(Z) 
present a 4% relative decrease with a constant condensing temperature of 145 ºC, as shown in 
Fig. 9a. Besides, HCFO-1233zd(E) shows an 11% heating capacity reduction compared to HFC-
245fa, which becomes lower as the evaporating temperature increases. The IHX adoption reduces 
the relative heating capacity difference of the considered low GWP alternatives significantly. 
When lower evaporating temperatures are considered, the relative difference of the heating 
capacity increases with the evaporating temperatures, as shown in Fig. 9b. The reduction of 
heating capacity for HFO-1336mzz(Z) and HCFO-1224yd(Z) is more sensitive to the adoption of 
IHX than HCFO-1233zd(E), as mentioned above in section 4.2. 
 
Setting the evaporating temperature at 60 ºC and varying the condensing temperature, minimum 
relative heating capacity differences are appreciated for HFO-1336mzz(Z) and HCFO-1224yd(Z), 
as shown in Fig. 9c. Nevertheless, HCFO-1233zd(E) presents a 6% relative difference at high 
condensation temperatures. Adding the IHX, all the alternatives reduce the heating capacity, 
compared to the reference, as the condensing temperature increases, from 2% to 10 % 
approximately, as shown in Fig. 9d. 
 
Due to the mass flow rate difference of the alternatives compared to HFC-245fa in most of the 
operating points, the heating capacity becomes lower. In some refrigerants, this heating reduction 
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could be compensated with a higher latent heat of condensation, providing better heating capacity 








Fig. 9. Relative differences of the heating capacity varying the condensing temperature (a) without 
IHX, (b) with IHX; and the evaporating temperature (c) without IHX and (d) with IHX. 
 
5.4 Compressor power consumption 
 
The compressor power consumption is proportional to the mass flow rate and the isentropic lines 
slope of each refrigerant. As each refrigerant has a similar slope, the mass flow rate variation 
would be the main factor influencing the compressor power consumption.  
 
Fig. 10 shows the relative compressor power consumption difference in comparison to the 
reference fluid. In this case, with a constant condensing temperature of 145 ºC, HCFO-1233zd(E) 
presents the highest reduction, going from 12% to 20% as the evaporating temperature increases. 
This is caused due to the mass flow rate reduction of HCFO-1233zd(E) compared to the reference 
HFC-245fa. Considering low evaporating temperatures, HFO-1336mzz(Z) shows an increase of 
the relative difference whereas HCFO-1224yd(Z) reduces it. Nevertheless, the HCFO-1224yd(Z) 
trend increases for higher evaporating temperature while the HFO-1336mzz(Z) trend decreases, 
becoming slightly above that of HCFO-1224yd(Z) at high evaporating temperatures, as shown 
Fig. 10a. All the refrigerants reduce the relative compressor power consumption difference when 
the IHX integration is considered. Fig. 10b shows that this reduction becomes more significant 
for HCFO-1233zd(E) and HCFO-1224yd(Z) at low evaporating temperatures, 35% and 25%, 
respectively. However, as the evaporating temperature increases, HCFO-1233zd(E) and HCFO-
1224yd(Z) reduce the relative difference around 8%, whereas for HFO-1336mzz(Z) is between 
12-22%, as the evaporating temperature increase.  
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At a constant evaporating temperature of 60 ºC, Fig. 10c shows that HFO-1336mzz(Z) and 
HCFO-1224yd(Z) present no significant variation of the relative difference whereas HCFO-
1233zd(E) decrease this relative compressor power consumption difference from 5% to 17% as 
the condensing temperature increase. Finally, Fig. 10d illustrates a significant reduction of the 
relative difference around 20% for each refrigerant with the use of IHX. A similar evolution of 








Fig. 10. Relative differences of the compressor power consumption varying the condensing 
temperature (a) without IHX, (b) with IHX; and the evaporating temperature (c) without IHX and 
(d) with IHX. 
 
5.5 Coefficient of Performance (COP) 
 
The relative differences in the COP presented in Fig. 11 show that each alternative refrigerant has 
the same or even more performance than the reference HFC-245fa. HCFO-1233zd(E) presents 
the highest values of improvement followed by the HCFO-1224yd(Z). Varying the evaporation 
temperature without IHX, the variation of HCFO-1233zd(E) goes from 10% to 14% as the 
evaporating temperature increase. In contrast, HCFO-1224yd(Z) and HFO-1336mzz(Z) have a 
variation below 5%, as shown in Fig. 11a. The addition of IHX increases the relative difference 
from 14% to 27% in low evaporating temperatures for HCFO-1233zd(E), achieving similar 
values at the highest condition. Similar behaviour is observed for HCFO-1233zd(E), with 10% 
lower COP difference than HCFO-1233zd(E). Finally, HFO-1336mzz(Z) shows 7% increment of 
relative difference of COP. However, instead of remaining constant for an increment of the 
evaporating temperature, this relative difference increases. At the highest evaporating 




With a constant evaporating temperature of 60ºC, the variation of condensing temperature shows 
lower improvement in the relative COP difference than the previous case. Whereas HFO-
1336mzz(Z) and HCFO-1224yd(Z) present no significant variations, HCFO-1233zd(E) improves 
this relative difference from 4% to 11% as the condensing temperature increases, as shown Fig. 
11c. Looking to the use of IHX in this conditions, each refrigerant shows similar evolution than 
without IHX, but a 17% relative increase of COP is observed, as shown Fig. 11d. 
 
Therefore, HFCO-1233zd(E) presents a significant energy performance improvement compared 
to HFC-245fa with and without IHX, being higher with IHX is integrated. Otherwise, HCFO-
1224yd(Z) and HFO-1336mzz(Z) have comparable COP to HFC-245fa operating without IHX 
whereas a significant COP increment could be appreciated with IHX. Finally, HFO-1336mzz(Z) 
shows performance improvements when the evaporating temperature increases, and therefore, 
this refrigerant would be appropriate for high source temperatures. 
 
 
5.6 Heat transfer analysis 
 
The thermodynamic and transport properties of each refrigerant influence the pressure drop and 
heat transfer in the heat exchangers of the system. An adequate comparison of both parameters 
under the same conditions provides useful information about its required size. This analysis can 
be carried out separating the independent terms in heat transfer and pressure drop correlations, 
(corresponding to the installation characteristics), and form what is called figure of merit (FOM). 
This method for visualising the heat transfer and pressure drop difference was used by Palm to 
compare several hydrocarbons refrigerants [37]. The development of the FOM equations can be 








Fig. 11. Relative differences of the COP varying the condensing temperature (a) without IHX, (b) 
with IHX; and the evaporating temperature (c) without IHX and (d) with IHX. 
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The FOM for pressure drop in a single-phase turbulent flow can be expressed as shown in Eq. 






This FOM shows that the pressure drop is influenced not only by the viscosity, and that the latent 
heat of vaporisation is even more critical, because it determines the required mass flow rate for 
certain cooling capacity and density. In Table 3, 𝐹𝑂𝑀∆𝑝 is given for liquid and vapor phase at 
130 ºC. For the liquid phase, HCFO-1233zd(E) and HFO-1336mzz(Z) show 20% and 12% lower 
values of 𝐹𝑂𝑀∆𝑝 compared to HFC-245fa, respectively, due to their higher latent heat of 
vaporization and liquid density. In contrast, the lower heat of vaporisation of the HCFO-
1224yd(Z) seems the mainly responsible of the considerably higher values of 𝐹𝑂𝑀∆𝑝, showing 
that, for the same heat exchanger and heat flow, the pressure drop would be notably higher for 
HCFO-1224yd(Z) and lower for the other alternatives. Looking at the vapour phase, all the 
alternatives show higher 𝐹𝑂𝑀∆𝑝 than HFC-245fa, therefore, significantly higher pressure drop 
would be expected for the refrigerants proposed. The main responsible for this behaviour seems 
to be the lower vapour density of the alternatives compared with the reference fluid. 
 
Similarly, the convective heat transfer is evaluated using the FOMs derivate from the Dittus-








In contrast to the previous FOM, higher values of this parameter indicate better heat transfer. This 
parameter has been calculated for liquid and vapour phases, and the values are included in Table 
3. Looking at both phases at the same time, the alternative refrigerant have lower 𝐹𝑂𝑀𝑆𝑃𝐻𝑇 and, 
therefore, the heat transfer in single phase of the candidates would be lower than the reference 
fluid HFC-245fa. It seems that the lower thermal conductivity of the alternative refrigerants in 
liquid and vapour phase should be the main responsible of this lower heat transfer.  
 
In vapour compression systems, heat transfer in boiling and condensation is more critical than 
single-phase. Thus, using Cooper’s pool boiling correlation and assuming a surface roughness of 






Similarly, high values of this parameter indicate a high pool boiling heat transfer coefficient. 
Looking at Table 3, HFC-245fa shows higher pool boiling heat transfer than the alternatives. The 
higher molecular weight and a lower reduced pressure of the other refrigerants compared to HFC-
245fa would lower the pool boiling heat transfer as Eq. (12) illustrates. 
 
In conclusion, the comparison of expected pressure drop and heat transfer performance using 
FOMs indicates that the alternatives proposed have a lower heat transfer compared to HFC-245fa. 
Among the three low GWP refrigerants discussed, HFO-1336mzz(Z) and HCFO-1233zd(E) have 
a lower pressure drop in a liquid phase whereas HCFO-1224yd(Z) shows higher values of this 
parameter. Finally, all the candidates have a higher pressure drop in the vapour phase than HFC-
245fa. The values are calculated for the temperature 130 ºC, but the relation between the values 





Table 3 Transport properties and figures of merit at 130 ºC 




55.50 / 23.38 51.39 / 21.23 54.59 / 21.91 46.82 / 20.54 
Liquid/ Vapour 
viscositya (µPa·s) 
94.82 / 15.33 108.00 / 14.14 94.35 / 14.01 82.13 / 15.64 
FOM Δp,l 11.04 9.65 8.78 12.91 
FOM Δp,v 42.1 61.1 44.5 52.8 
FOM SPHT,l 2.42 1.92 2.00 2.37 
FOM SPHT,v 3.14 2.41 2.34 2.75 
FOM pb 0.203 0.131 0.164 0.189 
6. Guideline for the optimal refrigerant selection 
 
When selecting a working fluid, several parameters must be considered at the same time. 
Therefore, a mapping of the relative deviation of the alternative refrigerants to the baseline 
refrigerant for the main energetic parameters, COP/COPref and VHC/VHCref, have been 
performed to suggest the optimal refrigerant for each application. 
 
Looking at the energetic performance, HCFO-1233zd(E) and HCFO-1224yd(Z) are comparable, 
providing the highest COP at low evaporating and high condensing temperatures. Nevertheless, 
it is expected to be reduced as the evaporating temperature increases or the condensing 
temperature decreases. In contrast, HFO-1336mzz(Z) has different response than the other 
alternatives. This refrigerant has the lowest COP with low evaporating and high condensing 
temperatures, but as the evaporating temperature increases, the COP of HFO-1336mzz(Z) also 
increases. Moreover, a variation of the condensing temperature has not practical influence on the 
COP of this refrigerant, as shown in Fig. 12a. 
 
On the other hand, the VHC of HCFO-1233zd(E) has a similar behaviour to its COP, Fig. 12b. 
The high-performance zone also has closer VHC to that of HFC-245fa. Therefore, its optimal 
zone would be low evaporating and high condensing temperatures. Similarly, HCFO-1244yd(Z) 
has the same behaviour to the previous refrigerant mentioned but its VHC is comparable to HFC-
245fa. Therefore, a similar compressor and installation size could be used. Finally, HFO-
1336mzz(Z) results in the lowest VHC, which indicates that a higher compressor size is required 
to provide the same amount of heat. 
 
In conclusion, HCFO-1233zd(E) and HCFO-1224yd(Z) would be the optimal refrigerants for low 
heat source temperature and high-temperature heating production applications. Moreover, these 
refrigerants are highly sensitive to a heat source or heat sink temperature variation. Therefore, 
stable temperatures operation temperatures are recommended. On the other hand, HFO-
1336mzz(Z) would be the optimal refrigerant when there is a high heat source temperature. 
Moreover, it could provide different heat production temperatures with similar COP and VHC. 
Thus, it would be recommended for applications where a range of heat production temperature is 







Fig. 12. Mapping of the guideline operating conditions of the alternative refrigerant: a) 
COP/COPref and b) VHC/VHCref 
7. Total Equivalent Warming Impact (TEWI) evaluation  
 
To analyse in deep the benefits of the proposed low GWP alternatives, an environmental impact 
evaluation that includes the effect of refrigerant leakage and energy consumption becomes 
necessary. Thus, the Total Equivalent Warming Impact (TEWI) of each refrigerant has been 
calculated to quantify the equivalent CO2 emission due to the accidental losses of refrigerant 
(direct emissions) and to the energy consumption of the HTHP system (indirect emissions). This 
method gives an appropriate approximation to the real environmental impact of vapour 
compression systems, and it is easy to apply. TEWI method is based on Eq. (10) [33,38]. 
 
𝑇𝐸𝑊𝐼 = ⁡𝐺𝑊𝑃 · 𝐿 · 𝑛 + 𝐺𝑊𝑃 · 𝑚𝑟 · (1 − 𝛼) + 𝑛 · 𝐸𝑎 · 𝛽 (10) 
 
Previous research that includes TEWI analysis has been found in refrigeration and heat pump 
systems, but not in HTHPs. Therefore, this paper proposes some necessary assumptions that can 
be considered in this application. The constant condensing temperature of 145 ºC and three 
different evaporating temperatures, 45, 60 and 75 ºC, have been analysed. The HTHP evaporator 
exchanges 100 kW waste heat during 7884 hours per year (90% of the time). The lifespan of the 
system (𝑛) is considered 15 years. 
 
The IPCC recommended annual leakage rate for indirect refrigeration systems contained in 
machinery rooms is 5% of the total refrigerant charge [39], and due to its similarity, this value is 
also considered for HTHPs systems in this application. The recycling factor of the refrigerant (α) 
is omitted for this comparison. Finally, the indirect emission factor (β) value is taken from the 
one proposed for the European Union by the European Environment Agency, 275.9 g CO2 kWh-
1 [40]. 
 
Fig. 13 shows the total equivalent CO2 emissions using each refrigerant for a constant condensing 
temperature, with and without IHX and for three different evaporating temperatures. Moreover, 
the resulting reduction in emissions using the alternatives compared to the reference fluid, HFC-
245fa, is presented in the figure. HFCO-1233zd(E) achieves the highest reduction, between 45 
23 
and 61%, followed by HFC-1224yd(Z). Although HCFO-1233zd(E) and HCFO-1224yd(Z) 
present similar suction volumetric flow rate to HFC-245fa, HFO-1336mzz(Z). The highest 
reductions are seen operating at high evaporation temperatures due to the higher improvement of 
COP. Moreover, the IHX addition is more significant at low evaporation temperatures, achieving 
emission reductions between 1 and 7%, depending on the refrigerant. 
 
Thus, the TEWI evaluation shows that HCFO-1224yd(Z), HCFO-1233zd(E) and HFO-
1336mzz(Z) obtain a significant total equivalent CO2 emissions reduction compared to the 
reference fluid HFC-245fa because their direct emissions are negligible, and the indirect ones are 
mostly lower. Therefore, the utilisation of these low GWP alternatives can highly contribute to 
climate change mitigation. 
 
 
Fig. 13. TEWI at a constant condensing temperature of 145 ºC and percentage reduction of the 




This paper presented a preliminary thermodynamic study of the new low GWP alternatives 
HCFO-1233zd(E), HCFO-1224yd(Z) and HFO-1336mzz(Z) for the replacement of HFC-245fa 
in HTHPs for low-grade waste heat recovery. Considering the lack of research for these 
refrigerants in this application, this paper includes a study of the properties and a discussion of 
the theoretical results using a single-stage cycle and IHX configuration. Moreover, the minimum 
superheat required for each refrigerant and the IHX sensibility have been analysed, included then 
in a refrigerant guideline and the environmental impact analysis. 
 
Alternative refrigerants present comparable thermodynamic and transport properties to HFC-
245fa. Their higher critical temperature allows the increase of the heating production temperature 
in possible future developments. The mapping of the minimum superheat requirement to ensure 
a dry compression show comparable values for HCFO-1233zd(E) and HCFO-1224yd(Z) with 7.1 
and 4.4 K, respectively. Nevertheless, HFO-1336mzz(Z) requires a minimum superheat of 19.2 
K. The IHX presents comparable response for HFC-245fa, HCFO-1224yd(Z) and HFO-
1336mzz(Z), whereas higher benefit in COP is observed for HCFO-1233zd(E). 
 
The simulation analysis has been carried out using a single-stage cycle with and without IHX, 
varying the evaporating temperature from 45 to 75 ºC and the condensing temperature from 115 
to 145 ºC. The conclusions reached from the simulation results favour the utilisation of 
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refrigerants considered. HCFO-1233zd(E) improves the COP about 27% whereas HFO-
1336mzz(Z) and HCFO-1224yd(Z) show an improvement about 21 and 17%, respectively. HFO-
1336mzz(Z) shows a relative increment up to 80%, and therefore, higher compressor and 
installation size are expected for this refrigerant than the reference fluid. 
 
Finally, the optimal operation for HCFO-1233zd(E) and HCFO-1224yd(Z) would be located at 
constant heat source temperatures and higher heating production temperature. HFO-1336mzz(Z) 
could provide different heat production temperatures with similar COP. The TEWI analysis 
presents an approximate reduction of 60% of the equivalent CO2 emissions for the low GWP 
alternatives, being HCFO-1233zd(E) the refrigerant with highest reduction. 
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